The last 40 years has seen major changes in the sources and concentrations of urban pollution (NO 2 , SO 2 , H 2 S and particles). During this time, research has advanced our understanding of the impact of pollutants on objects in urban museums. As a consequence, pollutant control has become an important aspect of preventive conservation. There is also increased awareness of the need for pollution control strategies that are sustainable at an organisational and global level. This paper prepared by a chemist, conservator and two building scientists reviews strategies for minimising the impact of urban pollution on museum collections. The results of new research funded by the UK government identify current (1999) internal pollution levels in both naturally ventilated and air-conditioned museums with particle and gaseous filtration, in relation to external concentrations, ventilation strategies and the characteristics of the internal fabric and finishes of these buildings.
INTRODUCTION
During recent decades the UK urban environment has seen the benefit of a massive decline in emissions of SO 2 and smoke due to a reduction in coal burning. At the same time other pollutants have become more prominent. NO 2 emissions in cities have increased due to an increase in road traffic [1] . O 3 , which arises from photochemical reactions involving vehicle emissions, is also on the increase and there is evidence that H 2 S emitted from cars fitted with catalytic converters may also be increasing [2] . Whilst emissions of coal smoke have declined, diesel soot from public service vehicles and lorries have become a significant source of particulate pollution in cities. concentration is much higher on the road frontage than at the back of the buildings. The effect is more pronounced at The Manchester Museum than the Victoria & Albert Museum. This may be because The Manchester Museum is closer to the main road at about 3m from the kerbside, whereas the Victoria & Albert Museum is more set back at approximately 8m from the kerbside.
NO 2 concentrations can show pronounced localised variations close to roads with heavy traffic [7] .
Removal of pollutants by surface deposition
Spedding [8] observed that in domestic houses the SO 2 concentration was often as low as 20% of outdoors and reasoned that it was removed by deposition and chemical reaction at interior surfaces such as walls, floors and ceilings. It is because of this reactivity to materials that SO 2 causes damage, yet this reactivity could also be used to remove it from the museum environment.
In a series of papers Spedding studied the deposition of SO 2 onto materials such as wallpaper, wood and leather and was able to calculate their affinity for SO 2 [9] [10] [11] .
The mechanism of removal by deposition is also very important for other reactive pollutants, such as O 3 , which is even more reactive than SO 2 . In the monitoring campaigns O 3 was found in only one interior site at the surveyed museums. NO 2 is less reactive than either SO 2 or O 3 , but is still subject to removal by deposition, though to a lesser extent than the other gases.
Note that removal by deposition generally involves chemical transformation of the pollutant and as such is irreversible.
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The degree of removal by deposition is dependent on: (i) chemical properties of the pollutant gas; (ii) chemical reactivity of the surfaces it comes into contact with; (iii) surface/volume ratio of the room or building; and (iv) the room or building ventilation rate. A mass balance equation [12] has been derived which predicts the indoor/outdoor pollutant ratio based on these parameters: V dep is a measure of how rapidly a particular material will react with a gas to remove it from the atmosphere. Note that equation (1) is only relevant for pollutants with exclusively external sources and assumes no gas phase reactions (a reasonable assumption for the pollutants involved,
given that museum lighting is generally not sufficiently intense to promote photochemical reactions and O 3 is absent from most interiors). Pollution levels, ventilation rates and the room dimensions were measured at these two sites and the results are summarised in table 2. and carpeted floors; reducing direct ventilation from the external environment to a minimum and ensuring that fresh air has to follow a torturous path, so that it is subjected to increased surface contact which helps reduce its pollutant load. Research to investigate the effects of these interventions is currently under way.
Where it is not feasible to introduce such modifications to a museum building, vulnerable objects can be placed in rooms where control by deposition takes place, for example rooms at the heart of a building, or in display cases with low ventilation rates and whose high S/V ratio makes them very effective at controlling external pollutants by deposition. It is inevitable that some deposition will occur to object-as well as wall-, floor-or ceiling-surfaces, but this will occur in any environment the objects are placed. Pollutant flux to a surface is proportional to the concentration therefore it is best to place objects in rooms with the lowest concentration.
Conditions that lead to good control by deposition are those likely to be found in small rooms with low ventilation rate such as stores and archives rather than in galleries and exhibition spaces, which require a higher ventilation rate to make them habitable for large numbers of visitors. In these situations there is little alternative but to use an active system incorporating carbon filtration to remove the pollutants.
Active Control Strategies
Correctly installed and maintained mechanical ventilation allows greater control of air quality and ventilation rates in a building than passive control, provided that the building is well sealed.
It has the following advantages for controlling pollutant levels:
1. The exact location of inlets and outlets in a naturally ventilated building are unknown. In mechanically ventilated buildings the exact location of the air inlet can be controlled therefore air can be drawn in from the least polluted site around a building. This is often at roof level, although for some pollutants, concentrations can increase above street level [13, 14] .
2. Air can be more easily filtered before it enters a building. Mechanical ventilation overcomes the resistance of filters to the passage of air through the medium. It is therefore possible to use filters which are substantially more efficient at removing pollutants than is the case with natural ventilation where a filter with even a small pressure drop across it can substantially reduce the flow of air through it.
3. When a museum building is unoccupied ventilation can be reduced to a minimum. During opening hours ventilation can be maintained at a level just sufficient for human comfort. This is most easily achieved with the use of carbon dioxide sensors because the CO 2 concentration is a direct indicator of the required ventilation rate per occupant.
It should be noted that normally, mechanical ventilation is installed in museums to provide better relative humidity (RH) and temperature control for object conservation and visitor comfort [15] , rather than pollutant control.
Mechanical ventilation can have the following disadvantages:
1. Increased capital and maintenance costs 2. Greater control problems during periods when plant is not operational either due to plant failure or regular maintenance.
Difficult to install in historic buildings. Museum buildings are often important in their own
right and may not have been designed for operation with a mechanical ventilation system.
Introducing large ducts to carry the air is difficult, intrusive and destructive of the original fabric, while small ducts result in a more energy intensive and thus a more expensive system to run.
Effectiveness of air-conditioning systems at reducing pollutant concentration
The effectiveness of air-conditioning systems at reducing pollution concentration depends on whether carbon filtration is installed. Monitoring of museums with air-conditioning and carbon filtration showed that these were generally effective at removing SO 2 , O 3 and H 2 S, and could substantially reduce the concentration of NO 2 . However, at the Theatre Museum Picture Gallery, which had air-conditioning but no carbon filtration, the concentrations of NO 2 and H 2 S were almost as high as external levels, and higher than concentrations in some of the naturally Store would be increased considerably by keeping the glass doors closed. The implication is that museums should think carefully before installing air conditioning without carbon filtration because it will lead to a worse environment than in naturally ventilated urban buildings.
System-based filtration
There is a wide range of commercially available air filters with very different properties. Most museums use activated carbon filters, which remove with varying efficiencies, all the gaseous pollutants studied in this project. Filter efficiency and life expectancy can be improved by impregnating the carbon with metals, which ensure that pollutants are irreversibly retained.
However, filters are of little use if air entering the building does not pass through them.
Therefore the filtration system must be designed to prevent air bypassing the filters. Such bypass would allow unfiltered air to enter the building via the air intake system. Also, unfiltered air must be prevented from leaking into the building through gaps in the external fabric. Double sets of doors, which create draught lobbies or rotating doors, can substantially reduce infiltration. Figure 3 shows that air infiltration can have a substantial impact on the pollution I/O ratio of an air-conditioned carbon-filtered museum. If only part of a museum is to be conditioned it must be physically separated from the other parts of the building.
The lifetime of a carbon filter is determined by both the quantity and type of activated carbon used in filter manufacture together with the concentration of pollutants in the incoming air. Therefore measures which reduce incoming pollution will increase filter lifetime. Reducing the quantity of external air entering the system will extend filter life and improve efficiency. The quantity of air passing through an air conditioning system is normally determined by the heating or cooling requirements of a building and not the need for fresh air. For this reason many systems do not operate on 100% fresh air intake but they re-circulate a substantial portion. This recirculated air should also pass through the filters, as this further reduces pollution concentration (figure 3) and helps to reduce that of internally generated pollutants. The quantity of re-circulated air should be high for efficient pollutant control. However, care should be taken to provide adequate fresh air for human comfort and health.
Local filtration
When only a limited number of objects require high levels of pollution control it may be more appropriate to provide localised filtration. Figure 4 predicts the effect of a local filtration unit fitted with 99% efficient carbon filter cells running in a room which has a natural ventilation rate of 0.75 air changes hour (ach). With filtration in operation the NO 2 I/O ratio drops from 0.3 to 0.1, at 5 filter unit room ach. Note there is little benefit in the filter unit operating at more than 5 ach. Figure 5 illustrates the actual effect, from monitored data, of this filtration unit in a storeroom at the Dreadnought Study Collection Centre.
CONCLUSIONS
Three main pollution control strategies for preventive conservation have been described in this paper. Some of these can be implemented immediately, whilst others require further investigation. The most appropriate pollution strategy for a given museum will depend on the following:
(i) the existing fabric and services of the building
(ii) the susceptibility of objects to particular pollutant degradation There is considerable potential to improve current practices in pollutant control. The aim of this paper has been to begin to measure the impact of different interventions that museums may wish to investigate. Work currently in progress will also help to measure in more detail the relative costs and benefits of different interventions including their sustainability. (1), which has been modified to take active filtration into account.
The graph is calculated using the following assumptions: gallery volume, 3000 m 3 ; average surface deposition velocity for NO 2 , 0.48 mhr -1 ; air conditioning system air change rate, 3.7 ach; carbon filter efficiency, 99%. 
